*Candida albicans* is a commensal yeast that is normally present as part of the microflora in the gastrointestinal tract (GIT) \[[@B1]\]. Overgrowth of *C. albicans* is typically controlled by commensal bacteria indigenous to the GIT \[[@B2]\]. However, if the balance of normal microflora is disrupted, such as upon administration of broad spectrum antibiotics or in an immunocompromised state \[[@B3], [@B4]\], overgrowth of candida can occur and candidasis can result.

Equol is an isoflavandiol and one of the main isoflavones found in soybeans, and it is metabolized from daidzein by intestinal bacteria. Its production in humans may depend on the presence of bacterial strains \[[@B5], [@B6]\]. Approximately 30\~50% of the human population is capable of producing equol from daidzein in their GITs \[[@B7]\].

Recently, equol has received considerable attention due to its diverse biological activities that include antioxidant and antitumor properties \[[@B8]-[@B10]\]. However, little is known concerning its antimicrobial activities. The present study investigated the antifungal properties of equol against *C. albicans*.

Equol purchased from LC Laboratories (Boston, MA, USA) was dissolved in ethanol. *C. albicans* (KCTC 7965) obtained from the Korean Collection of Type Culture was maintained on Sabouraud dextrose agar (SDA) at 35℃. The minimum inhibitory concentration (MIC) of equol was determined by microdilution broth assay performed according to National Committee for Clinical Laboratory Standards criteria (reference documents M-27) with some modifications \[[@B11]\]. A stock suspension of yeast cells was prepared by inoculating one colony obtained from an agar plate into Sabouraud dextrose broth, followed by incubation for 24 hr at 35℃. To prepare the inocula, yeast cell suspensions were adjusted to match the turbidity of a 0.5 McFarland standard (i.e., optical density = 0.12\~0.15 at 530 nm, corresponding to 1\~5 × 10^6^ colony forming units (CFU)/mL) in RPMI 1640. The suspension was diluted with RPMI 1640 to prepare a final inoculum suspension (1 × 10^3^ CFU/mL). A microdilution broth assay was performed in a 96-well, flat-bottomed microtiter plate. One hundred microliter aliquots of various concentrations of equol in RPMI 1640 were then added to each well, followed by an equal volume of yeast cell suspension. Each microtiter plate was incubated at 35℃ for 24 hr. Control wells contained yeast cell suspension in RPMI 1640. Ketoconazole was used as a standard antifungal agent. MIC determinations were made by visual examination of growth inhibition \[[@B12]\]. The lowest concentration showing no visible growth was determined to be the MIC. MIC assay was performed at least three times. To determine fungistatic or fungicidal activity, wells showing no visible growth were subcultured onto SDA with 50 µL of inoculum, followed by incubaiton at 28℃ for 3 days to determine whether or not growth could resume. Lack of growth was interpreted to mean that the treatment had been fungicidal. Minimum fungicidal concentration (MFC) was determined from the wells showing no further growth. To confirm the fungicidal mode of equol, yeast cells were stained with FUN-1 viability stain (Molecular Probes, Eugene, OR, USA) as well as with a Live/Dead FungaLight yeast viability kit consisting of SYTO-9 and propidium iodide (Molecular Probes).

Ultrastructural changes in yeast cells following equol treatment were ascertained by scanning electron microscopy (SEM). Cells exposed to equol were incubated, harvested by centrifugation, and washed twice with phosphate buffed saline (pH 7.2). The final cell pellet was fixed with 2.5% glutaraldehyde and placed on a coverslip treated with poly-L-lysine. The coverslip was washed in sodium cacodylate buffer and dehydrated in a graded ethanol series. The dehydrated coverslip was then critical-point dried, sputter-coated with gold, and assessed using a model S4800 scanning electron microscope (Hitachi, Tokyo, Japan) using standard operating conditions.

The results of the antifungal assay revealed that equol possessed potent antifungal activity against *C. albicans*. In the microdilution broth assay, the MIC of equol against *C. albicans* was 516 µM. The MFC of equol was subsequently determined to be 1,032 µM. The MIC of ketoconazole was 50 µg/mL. Fluorescent microscopic observation was performed to investigate the effect of equol on the integrity of fungal cell membranes using propidium iodide as a fluorescent marker. Upon staining of fungal cells using a commercial viability kit, most equol-treated cells demonstrated an orange-red color at the MFC, which indicates altered cell membrane integrity, whereas most cells in the control well exhibited green fluorescence ([Fig. 1](#F1){ref-type="fig"}).

The above results suggest that equol is capable of changing the integrity of the cell membrane, possibly by promoting the development of membrane lesions. Using FUN-1 viability staining, only metabolically active (i.e., living) cells in the control wells displayed an orange-red fluorescent cylindrical intravacuolar structure (CIVS), whereas equol-treated cells showed no intravacuolar structure ([Fig. 2](#F2){ref-type="fig"}). Formation of CIVS requires both membrane integrity and metabolic capacity of viable yeast \[[@B13]\]. Therefore, the absence of CIVS in cells from the treated cells was indicative of cell death.

SEM of equol-treated *C. albicans* cells revealed ultrastructural changes, including cell surface abnormalities and burst cells ([Fig. 3](#F3){ref-type="fig"}). These observations are indicative of an antifungal effect for equol.

Equol is produced in the GIT, of which *C. albicans* is a normal inhabitant. The present results indicate that equol can reduce *C. albicans* viability, which provides some insight into the possible effect of equol on the growth of *C. albicans* in the GIT. In addition, due to the development of drug resistance as well as side effects of certain antifungal agents, the search for novel antifungal agents has become that more urgent. Most available antifungal agents have fungistatic activities \[[@B14]\]. Thus, discovery of novel antifungal agents with fungicidal activity may be important in developing future treatments. The present results implicate equol as a potential antifungal agent. Details concerning the mechanism of the antifungal activity of equol on *C. albicans* growth in the GIT require more study.

![Fluorescent micrographs of *Candida albicans*. A, Control cells showing green color indicate live cells; B, Equol-treated cells at the minimum fungicidal concentration showing orange red color indicate dead cells (×400).](mb-38-328-g001){#F1}

![Fluorescence microscopy of *Candida albicans* stained with Fun I viability kit. A, Cells in control: orange-red intracellular vacuolar structure (arrows); B, Cells treated with equol at the minimum fungicidal concentration; no orange-red intracellular vacuolar structure (×400).](mb-38-328-g002){#F2}

![Scanning electron microscopic images. A, Untreated *Candida albicans*; B, *C. albicans* treated with equol at minimum fungicidal concentration for 24 hr (×10,000).](mb-38-328-g003){#F3}
